Summary.-A highly hydrophobic alkylating agent, 1-N,N-bis(beta-bromoethyl) amino-3-methylnaphthalene, given as the free drug in oil, cured a substantial proportion of mice bearing the PC6 myeloma in the dose range 2-7 mg/kg. However, these doses were toxic, and the LD50 was 6-7 mg/kg. When incorporated in liposomes, similar curative effects were obtained at doses of 10-41 mg/kg without material toxicity, even at the highest dose. Liposome entrapment therefore greatly increases the therapeutic efficiency of this agent.
NUMEROUS STUDIES have been made of the treatment of tumours of laboratory animals by drugs carried in liposomes, in the hope that this mode of delivery would selectively increase drug uptake by the tumour relative to normal tissues. Although it has been shown that drug incorporated in liposomes may have a greater therapeutic effect than the same amount of drug in free form, few investigations have also compared the toxicities of the 2 methods of drug delivery (for review, see Kaye et al., 1980) . Clearly, there would be no therapeutic gain from incorporating drug in liposomes if an increase in therapeutic effect were accompanied by an equal (or greater) increase in toxicity.
The effect of liposome entrapment on the actions of a drug depends on many factors, such as the rates of entry of drugcontaining liposomes into cells of different types, and the rate of release of drug from liposomes, both in cells and in the circulation, and these will be determined, inter alia, by liposome size and composition. There have been many studies of the effects of these factors. However, one important factor that has been relatively neglected is the location of the drug in the liposome, whether in the aqueous or lipid phase or both. So far, in vivo studies have concerned drugs such as methotrexate and cytosine arabinoside, which are practically lipid-insoluble and presumably restricted to the water phase, or actinomycin D and nitrogen mustard which are both lipid-and water-soluble and may be present in both phases. We therefore carried out in vivo experiments on the effects of a highly hydrophobic alkylating agent, WB 4325 (1-N,N-bis (beta-bromoethyl)amino-3-methylnaphthlene), either in free form dissolved in oil, or in liposomes.
MATERIALS AND METHODS
Preparation of liposomes.-A modification of the method of Batzri & Korn (1973) Alkylating activity in the liposome suspension was measured as described earlier (Berenbaum et al., 1973) using a modification of the method of Hopwood & Stock (1971) . Liposome suspension (50,U) was mixed with 0 3 ml ethanol, and then with 0-15 ml 0-15M saline and 1 ml Epstein's reagent (1% 4(p-nitrobenzyl)pyridine in 90°O ethylene glycol/10% 0-5m acetate buffer, pH 4.6).
The tightly stoppered tube was placed on a 90°C water bath for 20 min. The reaction was stopped by placing the tube on ice; 3 ml of 1: 1 (v/v) acetone: triethylamine was added with rapid mixing and the absorbance of the solution at 555 lum read immediately. Volume= 6 (M-0 7) (m-0.7)2 where M and m were the greatest and least diameters, respectively; the average skin thickness in these mice was 0-7 mm. Two measures of toxicity were used. One wNas death due to the drug, occurring 5-22 days after administration, the earlier deaths following the larger doses. The second measure was fractional weight change over the 11 days after drug administration. Groups of mice were weighed on Days 0, 1, 4, 6, 8 and 11. The total weight of each group was normalized to 1I0 on Day 0 and the area between the group's weight curve and the wN-eight = 1 axis calculated, areas below the axis being taken as negative in terms of weight change and areas above being taken as positive. The resultant area was expressed as a fraction of the total area below the weight = 1 axis. This method of calculation smooths out errors due to daily fluctuations in weight.
Results of treatment were classified as:
(1) Progressive tumour growth.
(2) Substantially slowed or stationaiy growth or temporary regression, followed by resumed growth, generally after 30-40 days.
(3) Complete regression, in which the tumour become impalpable (usually in 2-3 weeks) did not recur over a period of 60-80 days, and was undetectable at postmortem examination.
(4) Death due to drug toxicity.
RESUTLTS
WVhen WB 4325 was given in oil, fractional weight loss increased almost linearly with dose, reaching -0-25 with the largest dose (8 mg/kg) ( Figure) . Doses above 4 mg/kg were in the lethal range, and the 21-day LD50 was 6-7 mg/kg. In contrast, when the drug was given in liposomes, there was little toxicity. Treated mice gained no weight over the 11-day period, whereas untreated mice had a small fractional rise of 0 04-0*05. were attributable to drug toxicity when WB 4325 was given in liposomes, even at the maximum dose of 41 mg/kg.
Both methods of giving the drug were effective therapeutically. Effects were rather erratic in the liposome-treated group, which probably reflects the small numbers of animals per group. It is evident that complete regression of most tumours was only obtained with the drug in oil within the dose range causing substantial weight loss and near to the lethal range, whereas the drug given in liposomes produces equal therapeutic effects at doses causing no material toxicity (Table) . DISCUSSION A claim that one treatment is therapeutically more efficient than another implies that it has a greater therapeutic effect for the same toxicity, or that, for the same therapeutic effect, its toxicity is less. This comparison does not depend on the achievement of strict equality of either effect. When therapeutic and toxic effects are not confounded in the same measurement (see below), it is assumed that they both increase with dose, and the comparison is made by interpolation between, or extrapolation from, observed effects.
The simplest way to compare treatments is to measure therapeutic effect and toxicity separately. This was attempted by Rahman et al. (1974) , who found that a dose of 0*75 mg/kg actinomycin D incorporated in liposomes prolonged the survival of mice with Ehrlich ascites tumour by about 10 days, whereas the same dose of free drug produced a small and insignificant reduction in survival time. In contrast, whereas the LD50 of free actinomycin was 0 43 mg/kg (i.v.) or 0 59 mg/kg (i.p.) no deaths occurred when the liposome-encapsulated drug was given in dose of 1 mg/kg (i.v.) or 2 mg/kg (i.p.). There was thus evidence that liposome incorporation was therapeutically advantageous at the single doselevel tested. Unfortunately, the dose chosen was materially greater than the LD50 for the free drug, and smaller doses of the free drug might well have given longer survival, so that this does not (71) 12 (60) 11 (55) 1 (8) 3 (60) 11 (92) 3 (50) 5 (83) IP,11ID or less well-defined peaks in survival time when mice with L1210 leukaemia were treated with cytosine arabinoside in liposomes. However, the doses of free drug were restricted to the rising part of the dose-response curve, and the peak effect was not determined. Thus the conclusion cannot be drawn from these experiments that it is advantageous to give cytosine arabinoside in liposomes. Kimelberg & Atchison (1978) , using methotrexate, studied a sufficiently wide range of doses of free drug and drug in liposomes, but found no therapeutic advantage from liposome incorporation. In fact, i.p. administration of drugcontaining liposomes was positively disadvantageous because of increased toxicity. To sum up, there has hitherto been no good evidence that liposome entrapment of drugs is therapeutically advantageous in treating tumours. In our experiments, we measured toxicity (weight loss) separately from therapeutic effect (tumour regression). Both encapsulated and free drug gave similar maximal rates of complete regression (92% and 9500 respectively), but the encapsulated drug did this with negligible toxicity, whereas the free drug did so only at the cost of considerable weight loss. Thus liposome entrapment conferred a clear therapeutic advantage in this case.
Another difference between the two dose-response curves suggests that liposome entrapment may be advantageous, though it does not bear strictly on the question of therapeutic efficiency as defined here. At the optimum dose level of the free drug, a snmall increase in dose causes deaths from toxicity. In contrast, the optimum dose of the encapsulated drug covers a wide range, which may be even wider than those experiments showed, as increasing the dose caused no material toxicity up to our maximum dose. Thus, in a sense, treatment with the drug in liposomes is a less precarious affair, a consideration that would be clinicallv important.
Studies of the pharmacokinetics of the drug given in the 2 forms may throw light on the mechanisms of these effects. They are possibly associated with the highly hydrophobic nature of the drug, and investigation of other drugs with similar solubility properties may be rewarding.
